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was split nominally 45 percent to each offtake and

10 percent to the ventral nozzle. The tailpipe Mach

number was 0.3. For the CFD analysis, McDonnell

Aircraft modeled and analyzed the same configuration

by using the McDonnell Aircraft Computational Grid

System (MACGS) and Navier Stokes Time Dependent

(NASTD) codes.

This paper presentsthe resultsofthe experimental

work. (The CFD programs and computational results

are describedin detailin Ref. 4). At the NASA Lewis

Powered Lift Facility, the model was tested with

unheated airover arange oftailpipe-to-ambientpressure

ratiosup to 5. Performance criteria,such as system

pressurelossand duct Mach number, are reported over

the range of measured pressureratiosfor two prelimi-

nary (smaller) nozzle sizes as well as for the final nozzle.
Details of performance, such as wall pressures,flow

patterns,duct total-pressurecontours,and elbow inflow

directionand velocityaxe shown forthe finalnozzlesize

at a tailpipepressure ratioof 4.5. Some changes in

performance and internalflow patternswere noted when

the ventralnozzlewas closedoff. Thrust produced by

the model was not measured, but thrustisnot impor-

tantto understanding flow behavior through the offtake

system.

Apparatus

Experimental Model

A schematic of the experimentalmodel isshown in

Fig. 2. The firstsectionof thismodel was a reducer

sectionbetween the facility24 in.diameter piping and

the model tailpipe.This reducersectioncontained flow

straighteners,a screen,and a boundary layer trip to

ensure uniform flow with a turbulent boundary layer

into the model tailpipe. The model tailpipehad a

13.5 in.diameter, which isapproximately one-thirdthe

diameter ofmodern militaryengines.The aftend ofthe

tailpipewas blocked with a blind flangeto simulate a

closedcruisenozzle.

Attached to the tailpipe were two identical

circulax-cross-sectionofftakeslocated180° apart. The

offtake duct and tailpipecenterlineswere alllocatedin

the same horizontalplane. The offtakesintersectedthe

tailpipeperpendicularlyand had unrounded edges at

the intersections.Each offtakeconsistedof a 10-in.-

diameter elbow and straightduct and a nozzle. The

elbow had a 10-in.centerlineradiusof curvatureand an

87° arc. The straightducts, attached to the elbows,

therebywere canted 3Q away from the tailpipeto avoid

interferencewith facilityflanges. At the end of the

straight ducts were American Society of Mechanical

Engineers (ASME) flow-measuring nozzless to provide

back pressurefor the system and to meter the offtake
flow.

A small ventral duct was located in the vertical

plane aftofthe offtakes.The duct was 4.5in.indiam-

eter and had unrounded edges at the tailpipeintersec-

tion. The ventralnozzle had a 15° half-angleconical

shape. Photographs ofthe model are shown in Fig. 3.

The experimental model was testedon the NASA

Lewis Powered LiftFacility(PLF}. The PLF isa large

thruststand capable of measuring forcesin the thrust,

vertical,and lateraldirections,as well as moments

about the three axes; however, the force-measuring

capabilityof the facilitywas not used for these tests.

The model was supplied with high-pressure air, at

approximately 70 °F, from the Lewis centralairsystem.

The totalfacilityairflowwas measured upstream ofthe

PLF with an ASME nozzle located in the air supply

piping. The accuracy with which thisairflowwas mea-

sured was +0.5 percent.

Instrumentation and Data

Model Instrumentation

Philosophy.--Instrumentation was located through-

out the model to provide data for quantitative compari-

son with CFD results. Accordingly, wall pressure taps

were installed at many locations along the flowpath.

Free-stream total pressure rakes with tubes located on

centers of equal area were located at several stations.

Additional total pressure tubes were located in the

boundary later. Rakes were always the same in each of

the offtake ducts in order to keep equal flow in both

sides. Except for a flow angle probe for traverses, no

rakes were placed at an offtake entrance lest a rake
impede or alter the offtake inflow. Ambient pressure,

inlet air total temperature, and an independent total

airflow measurement were obtained from existing facility

equipment.

Pressure and temperature instrumentation.--The

model station and instrumentation diagrams are given

in Fig. 4. Flow total temperature was assumed to be
constant through the model, so stream thermocouples

were not used. Pressure transducers, having calculated

installed frequency response flat (±5 percent) to 180 Hz,
were used to measure dynamic pressures. The model

contained up to 248 steady-state pressure and 2 wall

temperature measurements.

Flow angle probe.--A photograph of a probe used

to measure stream flow angles relative to the sensing tip,



plus stream total pressure and Mach number, is shown

in Fig. 5. The probe was mounted in a calibrated

actuator to traverse the offtake at the elbow entrance.

The sensing tip was the same as a conventional 5-port

flow angle probe 6 but was mounted 45 ° to the stem in

anticipation of small flow approach angles (see angle

definition in Appendix A) at the offtake opening. A

similar probe, but with the sensing tip perpendicular to

the stem, was used to traverse the offtake duct at the

elbow exit. Each probe was calibrated in an open jet at

Mach numbers of 0.3, 0.5, and 0.8, at positions equiva-

lent to swirl angles of-10 °, 0°, and +10 °, and at

approach angles from -30 ° to +30 ¢. During testing the

stem was rotated by the actuator to keep the sensed

swirl angle small. The calibration data were used to

compute stream conditions from the experimental mea-

surements through the use of an iterativecomputational

procedure.

Data Recording and Processing

Steady-state data.--After airflow in the model had

become steady, 20 scans of the instrument list were

made at the rate of I scan per second. These data were

converted to engineering units, averaged, and recorded

by the laboratory central data system. The final com-

putations were batch processed from the averaged data

on a mainframe computer.

Total airflow was measured with the facility ASME

flow-measuring nozzle, using ASME recommended pro-

cedures and coefficients.

Ventral nozzle flow was computed with isentropic

flow equations and necessary measured data, using dis-

charge coefficients per Ref. 7 (0.970 for a hard-choked

15 ° conical nozzle).

Offtake flow in each side was computed using

ASME coefficients 5 and necessary measured data. The

final nozzle sizes had a 0.71 throat-to-inlet diameter

ratio, which is near the maximum recommended by

ASME. The throat Reynolds number was as high as
8.4)<10. 6

Dynamic pressure data.--Outputs from the dynam-

ic pressure transducers were recorded on magnetic tape

along with a time code and calibration signals. The

transducer data were processed into 1.25-Hz narrowband

spectra with a spectrum analyzer.

Procedure

Preliminary model sizing tests

Because the total pressure lossthrough the tailpipe

and offtake system was not known before the perfor-

mance tests, the nozzle areas needed to achieve the

desired flow conditions could not be calculated in

advance. The desired flow conditions in the model at

PR 5 = 4.5 were as follows (see Appendix A for symbols

and definitions):

Tailpipe Mach number, M s = 0.3

Offtake duct Mach number, M d = 0.3

Offtake flow, w d = 45-percent total flow, w s

Ventral flow, w v = 10-percent total flow, w 5

The model size was based on a 13.5-in. tailpipe

diameter so that existing hardware from a previous test

program could be used. The offtake duct diameter was

the diameter of commercial pipe that was closest to the

duct diameter estimated to give all the desired flow

conditions. (This initial estimate came from calcula-

tions that assumed choked nozzle flows and 1.0q s pres-

sure loss in the offtake ducts, where q5 is the tailpipe

dynamic pressure. This estimate came from experience

with ventral nozzles reported in Ref. 2, but it turned out

to be inappropriate as shown later in this paper).

The nozzles were sized in trial-and-error prelimi-

nary experiments. At first the three nozzles were

purposely undersized. A performance test was run to

measure duct Mach numbers and flow rates. The

resulting data were extrapolated to choose larger nozzle

areas. The larger nozzles were machined to the required

geometric shapes. This process was repeated to set the

final nozzle sizes. The final nozzle sizes were 39.6 in. 2

for each offtake nozzle and 8.09 in. 2 for the ventral

nozzle. The final areas were 22.6 and 5.6 percent,

respectively, of the tailpipe flow area.

Performance Tests

Performance testing consisted of measuring the

internal flow conditions over a range of tailpipe total-to-

ambient pressure ratios, PRs, from 1.0 to 5.0. For each

PR5, mass flow rates (actual and ideal), duct Mach

numbers, and area-averaged total pressure at the various

model stations were computed.

Flow Pattern Tests

Flow pattern tests were done after the final nozzle

exit areas had been determined. Flow angle surveys

were made by moving the flow angle probe in 0.5-in.

increments across the horizontal diameter at elbow

Stations 5A and 5B. Flow angles in two planes were

determined on the basis of the pressure distribution

among the five tubes in the probe.

Flow visualization paint streaks were made by

placing small dabs of thick oily paint in a regular

pattern on the inside surface of the model. Airflow was



started quickly, held for approximately 1 min, and shut

off. The paint ran along flow streamlines, and the

resulting streaks were photographed for record.

Performance

Results and Discussion

This section presents and discusses flow, Mach

number, and pressure lossresults for the model with two

preliminary and the final nozzle sizes at PRs's up to 5.

In addition, the total pressure distributions at the

taiIpipe,ventral nozzle, and offtake stations are shown

for PR s = 4.5. A listof symbols and definitions isgiven

in Appendix A.

Airflow.--Flow rates referred to Station 5 are

shown in Fig. 6(a) for the final nozzle sizes. The

tailpipe (total) flow rate, w5, was measured by the

facility equipment, and the offtake, w n, and ventral

nozzle, wv, flow rates were measured by the nozzles on
the model. The offtake flow rates were the same when

the ventral nozzle was open or closed off by a blind

flange at its inlet. Although not shown in the figure,

the flow typically was the same in each offtake side

within 0.12 percent of w s. All the flow rates were

constant after the offtake nozzles choked.

The measured tailpipe flow was slightly lessthan

the sum of the measured outflows. This difference,

shown in Fig. 6(b), was as much as 2.2 percent of w 5.

In this regard, Ref. 6 points out that the inaccuracy of

the discharge coefficient for sonic flow in the (ASME)

offtake nozzles is 4-2 percent. Previously, the facility

equipment had measured flow within ±0.5-percent

inaccuracy with a choked calibration nozzle, having

similar flow capacity, mounted on the PLF stand.

Thus, the facilityis believed to provide the more accu-

rate flow measurement. However, the reported offtake

flow values in Fig. 6(a) could be as much as 2.7-percent

too high. Ventral nozzle flow inaccuracy is not known,

but because of the distorted total pressure measured at

the nozzle inlet{discussed in a latersection}, the inaccu-

racy is estimated to be within +2 percent.

Offtake ducts.--The performance of the offtake

ducts measured in the two preliminary and the final

nozzle sizing tests described in a preceding section is

shown in Fig. 7. For each nozzle area, the pressure loss

and the Mach number at the end of the offtake duct,

Station 5C, increased with the tailpipe pressure ratio

and became nearly constant after the nozzles choked.

This behavior is not unusual, although the magnitude of

the pressure loss, up to 15.5 percent of the tailpipe pres-

sure, is considerably greater than the 1.5-percent loss

reported in tests of elbows with uniform inflow. 8

Although not shown in Fig. 7, the pressure loss was the

same in each offtake within 0.2 percent of the tailpipe

pressure. The flow split, as a percentage of tailpipe

flow, was satisfactorily close to the desired value.

The performance of the model with the ventral

nozzle closed is also shown in Fig. 7. In comparison to

the same configuration with the ventral nozzle open, the

tailpipe Mach number decreased because of reduced total

flow, but the offtake flow rate, Mach number, and

pressure loss were about the same. This result implies

that, for a given geometric configuration with small

throughflow or ventral flow, the offtake turning loss

depends mainly on the offtake flow, rather than on some

tailpipe parameter such as Mach number. However,

more data axe needed to trust such a generalization.

The offtake pressure loss expressed in terms of

tailpipe dynamic pressure is shown in Fig. 8. The

results of the tests with the ventral nozzle open fallin a

relatively narrow band centered at 2.53qs. The band

includes all the data for both unchoked and choked

nozzle flows. However, with the ventral nozzle closed

the pressure loss increased to approximately 3.25q s, but

q5 was lessbecause the total flow rate was reduced.

Ventral duct.--The ventral duct performance is

shown in Fig. 9. These results were obtained in the

nozzle sizing tests discussed previously. The perfor-

mance trends were the same as measured for the offtake

ducts. The maximum pressure loss was 8.4 percent of

the tailpipe pressure, and all the pressure loss data fell

in a relatively narrow band centered at 1.35qs. The

flow split was satisfactory.

Total pressure distribution.--The total pressures

measured at various stations in the model are shown in

Fig. I0 for PR s = 4.5. The contour plots at Stations 5B

and 5C were made by combining the data from two test

readings, one with the rakes positioned as shown in

Fig. 4, the other with the same rakes rotated 45 ° in the

measuring plane. Because of geometric and flow similar-

ities,these results axe applicable to either offtake.

The tailpipe inflow at Station 5 (Fig. 10(a)) had a

thin boundary layer and uniform total pressure in the

core. The boundary layer was presumed to be turbulent

because of the boundary layer trip located approximate-

ly one tailpipe diameter ahead of Station 5 (Fig. 2 and

Ref. 9).

At the elbow exit (Station 5B), the highest total

pressure was measured near the outside wall. As will be

shown in a subsequent figure, the static pressure at this

station was nearly uniform; therefore, a large velocity

gradient existed with the greatest velocity and flow

concentrated near the outside wall of the elbow. The



flow then diffused as it traveled down the duct, and the

total pressure became much more uniform at Station 5C,
the end of the duct and entrance to the offtake nozzle.

The distribution of the offtake total pressure loss

is given in Fig. 10(b). Nearly all the loss occurred as
the flow turned from the tailpipe Station 5 into and

through the elbow to Station 5B. The loss in the

straight duct from Station 5B to Station 5C was very
small.

The totalpressurecontours at the ventralnozzle

inletareshown inFig. 11. The contours were estimated

from the rake pressure data. Pressure and flow were

strongestin the aft part of the ventralduct. Reverse

flow probably occurred near the frontwall because the

measured wall static pressure was greater than the

nearby rake totalpressures.

Wall Pressures

The wall pressures measured at taps located

throughout the model are reported in thissectionas

ratiosof the tailpipetotalpressure,Ps, at PR s = 4.5.

Data are given for both the ventral-nozzle-openand

ventral-nozzle-closedcases.These wall pressurescan aid

in understanding flow behavior in the tailpipeand
offtakes.

_.--The tailpipewall pressuredistribution

isshown in Fig. 12. The pressuredifferencesfrom side-

to-side,shown in the top view (Fig.12(a)),were small

for both the ventral-nozzle-openand ventral-nozzle-

closed cases,consistentwith flow equality in the off-

takes. In general,pressureswere somewhat higherwith

the ventralnozzleclosed,mostly because the totalflow

rateand Much number decreased.Pressureswere lowest

near the offtakeopenings because the flow acceleratedto

turn into the openings. Further aftin the tailpipe,the

wall pressures,including the pressure on the blind

flange,were lessthan the Station5 totalpressure.This

decrement isprobably the diffusionlossofthe airthat

flowed into the blocked tailpipe aft of the offtake

openings. Pressures at the closed end of the tailpipe

were also measured by rakes (similarto those used at

Station5) that were mounted at the blind flangefor a

specialtestto determine ifa pressuregradient existed

there. No pressuregradient was found, and pressures
measured on the rake were the same as those measured

on the centerof the blindflange.Calculationsusingthis

total pressure show that the Much number of the

recirculatingairat the wallsin the blocked part of the

tailpipewas on the order of 0.05.

The pressure differencestop-to-bottom in the

tailpipe (Fig.12(b)) were similarto those side-to-side

except near the ventral opening and at Station 5. At

Station 5 the pressure on the bottom of the tailpipe was

always measurably greater than on the top. No reason

related to the PLF facility configuration or installation

was found. (For verification, later tests with a simple
axial exhaust nozzle mounted in place of the offtake

model showed no difference between these same top-to-

bottom measurements. Therefore, the higher pressure

on the bottom of the tailpipe seems related to flow

turning into the offtake openings).

Pressuresmeasured on the tailpipewall around the

offtakeopening and inthe offtakeduct just downstream

ofthe opening {Station5A) are givenin Fig. 12(c).The

highest pressures always occurred in the upper right

quadrant. The lowest pressuresoccurred at the front

edge ofthe opening, showing that velocityprobably was

highestthere. The figureshows that pressureson the

tailpipewall were generallyhigher than wall pressures

corresponding radiallyat Station 5A. These pressure

differencestended to drive flow into the offtake,but as

willbe discussedin a latersection,thisisnot the most

important inflow pattern.

Although the pressuresmeasured with the ventral

nozzleclosed generallywere similarto those with the

nozzle open, small differencescan be noted. These

differencesare consonant with alteredflow patterns,

which are shown in the sectionFlow Patterns.

Offtakes.--Wall pressuresmeasured in an offtake

elbow and duct are shown in Fig. 13. Just downstream

ofthe offtakeopening, the pressureswere always greater

on the outerwall than on the innerwall,indicatingthat

the flow was always turning as itmoved through the

elbow and the firstpart of the long straightduct. At

the end of the duct the pressurewas the same allaround

the wall,consistentwith the previous observation that

the flow diffusedthrough the duct and became more

nearlyuniform at the offtakenozzleentrance. There is

no evidence that the flow was choked anywhere in the

system ahead of the nozzles. The highest pressure,

0.87P5, occurred over a relativelysmall wall area,so
coolingthe offtakeelbows and ducts with bypass airin

a turbofan installationwould be feasible.

Dynamic pressures.--Dynamic pressures at the
offtake openings and at the center of the blind flange

were measured with high-frequency-response transducers

(Fig. 4). Periodic fluctuations at these locations wolJld

expose interesting oscillating flows or resonances in the

system not detected by the steady-state instrumentation.

Spectra from the transducersat the offtakeopen-

ings {Fig. 14(a) and (b)) show some periodicactivity

between 15 and 35 Hz. However, the spikes resultin



onlyabout a 0.01 Mach number change inflow velocity,

which does not seem torepresenta significantflow oscil-
lation.

Ifa standing wave were presentin the closedend

of the tailpipe,maximum pressure variationswould

occur at the blind flange. The quarter-wave-length

frequencyisbetween 64 and 80 Hz forwaves originating

atthe offtakeopening. The spectrafrom the transducer

at the blind flange(Fig.14(c))do not show spikesnear

these frequencies,so this type of resonance was not

present.

Flow Patterns

In-stream flow patterns were measured with the

calibrated flow angle probe traversed across an offtake

duct at Stations 5A and 5B at a tailpipe pressure of

ratio 4.5. Wall flow patterns in and around the offtake

entrance were obtained from flow visualization paint

streaks. The flow patterns complement the pressure

data and contour plots given in previous figures.

Elbow entrance traverse.--Results ofthe flow angle

probe traverse at the elbow entrance (Station 5A) are

shown in Fig. 15 for the ventral nozzle both open and
closed. The traverses were made on the horizontal

centerline to within 1 in. of each wall and started at the

aftedge ofthe opening.

The total pressure ratio (Fig. 15(a)) is the ratio of

the computed probe total pressure to the Station 5 total

pressure. For the ventral-nozzle-open case the pressure

was generally high in the aft and central parts of the

opening; in fact, the pressure showed little or no loss

from Station 5 over part of the traverse path. When the

ventral nozzle was closed, the pressure dipped to a much

lower level about 3.5 in. from the aft edge, but otherwise
was similar to the traverse with the ventral nozzle open.

This change in total pressure distribution hints that

much of the offtake inflow pattern changed with the

ventral nozzle closed, but the pressure loss from Sta-
tion 5 to Station 5C was the same whether the ventral

nozzle was open or closed (Fig. 7). No explanation is
known for this unexpected result.

The Mach number variation across the opening

computed from the traversedata isshown inFig. 15(b).

In the aft part of the opening the Mach number was

about 0.4 and graduallyincreasedwith traversedistance

to a peak value of0.73. Calculationsusing theseresults

plus the totalpressuredata inFig. 15(a)revealthat the

stream staticpressuredecreasedalong the traversepath.

The Mach number felloff rapidlyin the turning flow

near the frontedge ofthe opening.

The anglesat which the flow enteredthe offtake

opening are calledhereinthe approach angle (measured

in the horizontalplane) and the swirlangle (measured

inthe verticalplane}.These measured anglesareshown

in Fig. 15(c) and (d), respectively. Flow generally

approached the opening at anglesbetween 40° and 65°,

and up to70° {more nearlynormal to the tailpipewall}

at the aft and frontedges. These measurements show

thatthe flow had begun toturn inthe tailpipe,the same

as with the ventral nozzle model reported in Ref. 2.

Flow swirleddownward in the aft part of the opening,

then in the opposite directionat the centralpart. The

swirl disappeared near the front edge. The traverse

resultswere similarforboth the ventral-nozzle-openand

ventral-nozzle-closedcases.

Elbow exit traverse.--Results of the flow angle

probe traverse at the elbow exit (Station 5B) are shown

in Fig. 16 for the ventral nozzle open. The traverse was
made on the horizontal centerline and started at the

outside wall of the offtake duct.

The totalpressureratio and Mach number (Fig.

16(a) and (b)) are both highest at the outside wall_

decrease to lower values near the centralpart of the

duct, then riseagain near the innerwall. Calculations

using these data show that the stream staticpressure

was higher near the outside wall,which is the same

trend shown in Fig. 13. The totalpressuregradient is

very similarto the contour plotdata (Fig.10) obtained
from fixedrakes.

In the duct, the flow path is defined herein by ang-

les relative to the duct axis. The flow angle is measured

in the horizontal plane, and the swirl angle is measured

in the vertical plane. At Station 5B the flow angle was

small across the entire duct. The swirl angle was about

+15 ° at the outside part of the duct; it then decreased
to -30 ° near the inside wall. This result is interpreted

as identifying a counterclockwise flow rotation {looking

into the flow}. In comparison to Station 5A (Fig. 15},
the flow is much more uniform.

Flow visualization.--The photographs in Fig. 17

show flow visualization streaks drawn on a scale mockup

of the model cut in half on the (vertical) plane of
symmetry. Several photographs of the experimental

paint streaks from a test with the ventral nozzle open

were used as a guide to draw the streaks on the mockup.

Figure 17(a) shows streakson the tailpipewall.

The inflow streaksat Station5 were axialin direction,

and the flow was uniform (seeFig. 10(a}). The flow

into the offtakeopening, envisioned with the ald of

pressureand traverse data already presented, was as



follows. Much of the flow impacted the aft offtake wall

just inside the opening (near Station 5A), then followed

the elbow wall downstream. Some of this flow, in the

upper right quadrant, spilled back into the tailpipe and

swirled in a clockwise manner to reenter the opening in

the lower right and bottom quadrants. Other streaks

show that flow entered radially around most of the

opening, as expected from the wall pressure differentials

given in Fig. 12(c). The flow entering the ventral duct

probably separated at the front of the opening, as in the

ventral nozzle model tests reported in Ref. 2, and

impacted the aft wall of that opening (see Fig. 11). The
streaks indicate that all the ventral flow entered the

duct from the front side, but they do not indicate

whether the flow came from the central or wall regions
of the tailpipe. Further aft in the tailpipe, streaks show
that the flow continued to move toward the blind

flange, but some of the streaks suggest that it broke into

complex three-dimensional swirling flows. In any case,

by continuity there must have been flow in the reverse

direction elsewhere in the tailpipe.

In Fig. 17(b) and (c), parts of the elbow have been
removed to show streaks inside the elbow. As stated

previously, much of the flow that impacted the aft wall

of the opening flowed downstream along the elbow wall.

Streaks illustrating this flow can be seen in Fig. 17(b).
In addition, some of the flow ran along the lower wall of

the elbow, as shown in Fig. 17(c), and joined with the

swirling flow entering from the tailpipe. This combined

flow moved across the wall toward the elbow exit,

without following the wall curvature, and still had a

negative swirl angle at the exit (see Fig. 16@). Howev-
er, this pattern probably contributed to the more

uniform total pressure measured at the elbow exit (Fig.
16(a)).

Conclusions

A generic one-third scale model of a tailpipe
offtake system for an SSTOVL aircraft was tested at the

NASA Lewis Powered Lift Facility. The flow split was

45 percent to each of two offtakes and 10 percent to a

small ventral nozzle. Offtake flow turned through a

total of 177 °. The tests were performed over a range of

tailpipe-to-ambient pressure ratios up to 5. Important
test results are as follows:

1. Pressure loss in the offtake ducting was 15.5

percent of the tailpipe total pressure at a tailpipe Mach A
number of 0.307 when the offtake flow-control nozzles

were choked. This is equivalent to a loss of 2.5 times D

the tailpipe dynamic pressure. M

2. When the ventral nozzle was closed off, the
offtake flow and pressure loss remained the same, but

the offtake inflow pattern changed. The data obtained
in these tests did not reveal the details of this behavior.

3. Nearly allthe pressurelossoccurred in turning

the flow from the tailpipeinto and through the elbows.

4. No significant periodic pressure fluctuations were

measured at the offtake openings or at the blocked end

of the tailpipe.

5. Wall pressures throughout the tailpipe were less

than 96 percent of tailpipe total pressure, and in the

offtake ducting were less than 88 percent.

6. Flow patterns at the offtake opening were

complex. Much of the flow entered the aft part of the
opening and followed the outside wall of the elbow

downstream. Other flow swirled into the bottom part of

the opening and filled in the lower-pressure region near
the inside wall. The flow was reasonably uniform at the

ends of the long offtake ducts.

7. Ventral flow was concentrated in the aft part of
the duct and was not uniform at the ventral nozzle inlet

because the duct was short.

The generalized results of these tests that have

application to flight hardware design are as follows:

1. Turning aids at the offtake openings, such as
rounded edges or guide vanes, are needed to reduce

offtake pressure loss.

2. Turning vanes may have to be tailored to

variations in flow approach angles at the tailpipe
openings.

3. Ducts should be long to promote flow uni-
formity.

4. Wall pressures are low enough that turbofan

engine bypass air probably can be used for wall cooling.

5. A small amount of ventral flow may not affect

the pressure loss in an offtake system.

Appendix A--Symbols and Definitions

(Figure 2 illustrates geometric symbols.)

area, in. 2

diameter, in.

Mach number

(forair,M = I5[(P/pw)°'2as7 -11)

7



P total pressure, psia

p static pressure, psia

PR pressure ratio relative to ambient pressure

q dynamic pressure, psia

R radius of curvature at elbow centerline, in.

w measured airflow rate, pps

Subscripts:

d offtake duct

n offtake nozzle

tp tailpipe

v ventral nozzle

w wall static pressure

5 ratio of pressure to standard-day pressure,

14.696 lb/in. _

0 ratio of temperature to standard-day

temperature, 518.7 _R

5

5A

5B

5C

5CS

stationnumbers--see Fig. 4 {iffollowed

by 1 or 2,refersto a particularofftake

side)

Definitions:

Swirl angle

Angle between the flow vector and the offtake

centerline measured in a plane normal to the tra-

verse path

Approach angle

Angle between the flow vector and the tailpipe

centerline measured in a horizontal plane

Flow angle

Angle between the flow vector and the offtake duct

centerline measured in a horizontal plane
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L_ Ventral nozzle

(a) SSTOVL aircraft.

_-- Offtake nozzle

\ /-- Offtake duct /-- Offtake elbow

\_ ( / Blind flange

FIo nozzle) --_

_ _ t,r :----[
L_ Tailpipe

Top view

L. Ventral nozzle

Side view

(b) Model tested.

Fig. 1.---SSTOVL powered lift system using engine exhaust gas.

Flow

r Offtake nozzle

/-- Offtake duct
/

/-- Offtake elbow,

R/D d = 1.0'

_J_2,4 Blind flange

/

/--Dn =7.10

"-- Ventral duct and nozzle

/ (shown rotated 90 °)
z_ Dv = 3,21

_____ _._------_

Fig. 2.--Top view of tailpipe offtake duct model. All dimensions given in inches.



Station
5A2

(a) Model without blocked tailpipe.

(b) Model mounted on the NASA Lewis Powered Lift Facility.

Fig. 3.--Tailpipe offtake duct model.
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0 o

Station 5 Station 5A1, 5A2 Station 5A2 Station 5B1, 5B2 Station 5CS1,

Tallpipe Elbow entrance Elbow entrance Elbow exit 5CS2 Duct exit

(without probe) (with probe)

Station 5C2--_

Station N2 --_ \
/-- Station 5CS2

/
/-- Station

/ 5B2

0 _

@
Station 5C1, 5C2

Nozzle inlet

0 ° Side 1

@e
Station N1, N2 Station V

Nozzle exit Ventral nozzle

inlet

X Stream total pressure,

center of equal area

O Bounclaxy-layer total pressure

• Wall static pressure

V Thermocouple

K Dynamic pressure transducer

t V_7t/
;/

_'f

Air total t/

temperatures --/

5A2

fJ
.- L_ Station 5CS1

4---Station N1 L_ Station 5C1

Fig. 4.--Station and instrumentation diagrams. Station cross sections drawn looking into flow, with top at 0%

' _ Station V

_-- Station _ Ventral nozzle rotated

5A1 90 ° for clarity

_-- Station 5B1

C-92-03051

Fig. 5.--F_ow angle probe for traverses at Station 5A. Probe

shown mounted in instrumentation spoolpiece.
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,,91"0" ...... 4). ..... Q ..... ..0- ...... -it ...... -0. .... •

/ Armor Area of
/ of_e nozzle, ventral nozzle,

0 2-- l An, _n, Av, in.2

> ---O'--- 39.6 8.09

- -O- - 39.6 0 (dosed)

,,'-- PR5 to choke

- . _ _ I _ offtake no_,zleo
/ Ventral fJow, Wv

(a) Referred flow rate_

3

i 1 "°"" - - ' Q U_" 0 I "II"B I" " 0" 0" "4D"[ ......I [..... [ ...... I ....... I .....' I..... '

1.0 1.4 1.8 2.2 2.6 3.0 3.4 3,8 4.2 4.6 5.0
C

Tailpipe pressure ratio, PR5

(b) Measured flow difference.

Fig. 6.--Measured airflows with finaJnozzle sizes.
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--O---

---O--
---O---

Area of Area of
offtake ventral
nozzle, nozzle,

An, A,v,
in.2 in.2

39.6 8.09
39.6 0 (closed)
34.5 7,27
31.7 6.64

o__ ........... - .....

_.j_ .2
'5. E

.1 [ I I _lt t J J I I I I
(a) Tailpipe Mach number.

(b) Mach number near end of offtake duct.

_ 0 I I f I I I J
(c) Offtake pressure loss.

_o,_
,, 40

1.0
I I I I [ I I I 1 I

1.4 1.8 2.2 2.6 3.0 3.4 3.8 4.2 4.6 5.0

Tailpipe pressure ratio, PR5

(d) Flow split.

Fig. 7.---Offtake duct performance.
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_._ 3.6

4.

i' 2.8

2.4

2.0
1.0

Ares of Area of
offtske ventral
nozzle, nozzle,

A., &,,
in.2 in.2

39.6 8.09
--O-- 39.6 0 (dosed)
---[3--- 34.5 7.27

31.7 6.64

.__..___.___.--------'----'--"

/-- + 2-5 percent

1.4 1.8 ?-2 2_6 3.0 _L4 3.8 4.2 4.6 o.0

Tailpipe pressure ratio, PR 5

Fig. 9.--Total pressure loss related to tailpipe dynamic pressure.
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E_

j_ •
_>

_o

.4

.3

.2

.1

Area of

ventral

nozzle,

Av,

in.2

---O--'- 8.09

- _ 7.27

--O---- s.s4

I I I I I I I I I I

(a) Ventral duct Mach number.

10

8

6

4

2

0

(b) Ventral pressure loss.

± 3.6 percent

__o
._ (c) Turning loss related to tallpipe dynamic pressure.

0

1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8 4.2 4,6 5.0

Taifpipe pressure ratio, PR 5

(d) Flow split.

Fig. 9.--Ventral duct performance.
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Station 5

O'_p_}

Out,de Inside

Station 5[32

(Elbow exit)

Outsk/e_ Inside

Station 5C2

(Duct exit)

(a) Total-pressure contour plots at PR 5 = 4.5. Numbers show contour level ratioed to P_ Plots shown looking

into flow.

2O

0

I-

Turning loss, (P5 - PSB)/P5

Loss in straight duct, (PsB - P5c)/PSB

-Io I I I ]
1 2 3 4 5

Tailplpe pressure ratio, PR 5

(b) Pressure loss distribution.

Fig. 10,--Offtake total pressure. FinaJ nozzle sizes.

Pwall/P s = 0.887 -7

/

/
/

/
/

0.

Fig. 11 .--TotaFpressure contours at Station V (ventral nozzle

inlet} estimated from rake data; PR 5 = 4.5.
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0.934 0.862 0.852 0.956

• ,,!,, .,I
-I o- .-I , . o - "1
o.9_s II Jl J_l j "_ "__ '
(o.=o)J I / _-_ _ 0941 ,0._,

P5 = _5.38 L. 0.862 L- 0.865 (01954) ,v._..,,_,

(65.47) (0.877) (0.909)

(a) Horizontal section, top view.

0.947 0.953
0.933 0.915 0.906 0.958

(o._)J1(0.97_)_!(o:;_;)XI_',(0-'_1) 0.9_,(0.965) J

p 0944 t I• I %-0888
5 ..... __/ 0.988 L_ "

(u.:=r41ol (0 985) -J 0.828

(b) Vertical section, side view.

/ r- Top of tailpipe

_/--0.906 \
0.862 • lO.91ot )

/o._,,'/ T )to.d
((o..,.,-_\ i / ,o.,o,xo,,, }

_o.933)" ' "" (o:_;6) {
Tallpipe at offtake opening

/--0.819

0.691 / (0.830)

(0.686) --_f _/--- 0.909

0.679 //4l %(0.898)

(0.677)-V_ __/--0.910
? + _ (0.e8_)

0.678 tl t it

,o,,,,_\ I /h°:l_:,
0.747 _0 lilY" "

(0.760)-_. I _ _- 0775
0.804 _ (0.783)

(0.814) -J

Station 5A

(c) Offtake opening, looking from tailpipe into opening.

Fig. 12.--Tallpipe wall pressure divided by Station 5 total pressure (Pw/Ps) at PR 5 = 4.5. Upper numbers

are for open ventral nozzle, numbers in parentheses are for closed ventral nozzle.
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Ductdiameters, Top
Dd--_ /-- Station 5CS Out=lde "_--I-_-

\ / r_A _'- Station 5B

r'l_- : " |--__-- _P-_ "-_ "4L'--'_" "-_'_'_ Station 5,s.

A-A

,
Station 5

.88

.84 --

.80 -

8..75 -

.72 -

E
.68 -

8

O Outside

V Bottom _

O inside

Staeon Stab'on Station"__

;. Duct %: Elbow --_
IT I I t I IT I vl
7 6 5 4 3 2 1 0

Offtake cefltedine flow distance, duct diameters, Dd

Fig. 13.--Offtake wall pressures for PR 5 = 4.5; ventral open.

Results applicable to either offtake side.

i

.3O

.2O

.10

_ Ventral nozzle open
Ventral nozzle closed

(a) Offtake, side 1.

.20

.10

(b) Offtake, side 2.

.3O --

•10 . ,4

0 20 40 60 80 100

Frequency, Hz

(c) Center of blind fllalge.

Fig. 14.---Dynamic wall preslmre. Spectral bandwith, 1.25 Hz
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/-- Traverse started

+Swirl Top

Station 5A

A-A

O. .9
d

.7 - -0" - Ventral nozzle

I I I _osed I -
I-- ,6

(a) Total pressure ratio.

=E

.8 --

.2

j

(b) Mach number.

80
"O

o_ 60
§
r-

40

•

I I I I I
(C) Approach angle,

60

40 -

1D

._ 20-
O_

"= 0 -

-40 I I J I I
0 2 4 6 8 10

Distance from aft wall of offta_e duct, in.

(d) Swid angle.

Fig. 15.---Flow conditions on offtake horizontal centerline at elbow entrance

(Station 5A) for PR 5 = 4.5,
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Traverse Mart_ /-- +_lrl
here --_ _- .--- _.tion 5B _ T¢_ /

_---A-_-_V_ anQle I

iii --'__!_ _ st.Uon5B

"n5

1.0

o" .9

I I I I
(a) Total pressure ratio,

j_ .6

! 4

:S .2
(b) Mach number.

3=
-20

(c) Flow angle.

"0

"I=

40 --

0

-20

-40
0 2 4 6 8

Distance from outside wall, in.

(d) Swid angle.

Fig. 16.--Flow conditions on offtake horizontal centedine at elbow exit
(Station 5B) for PR 5 = 4.5 with ventral nozzle open.

I
10

2O



(a) Tailpipe cut at plane of symmetry.

f ! _iii _i ¸ _¸¸¸

C-g2-03049

(b) Inside wall of elbow removed. (c) Top wall of elbow removed,

Fig. 17.--Flow visualization streaks on scale mockup of model.
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